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FIELD OF THE INVENTION 

[0001] This invention relates to imaging systems, and more particularly to methods 
and apparatuses for calibrating an imaging system. 

BACKGROUND 

[0002] In imaging applications, one often wants to measure the distance between two 
or more points in an image and then convert the result to some physical scale. 
The conversion between the image distance (i.e. pixels) and the physical 
distance (e.g. microns) is governed by a scale relationship, where the scale 
relationship is typically calculated by calibrating an imaging system. 

[0003] As known in the art, the imaging system typically includes an imaging 

element, such as a charge-coupled-device ("CCD") camera, for example, a 
digitizing element, such as a frame grabber or digital CCD, for example, and 
optionally, an external optical system, such as a microscope. As known in the 
art, the imaging system also includes the relationship^) between the imaging 
element, the external optical system, if present, and the physical object(s) that 
are being imaged, i.e. the subject. 

[0004] Calibration provides both the scale relationship, that relates image dimensions 
to physical dimensions, and positional information, that relates any point in the 
image to a physical-coordinate system, such as that which governs a robotic 
arm, for example. 

[0005] Fig. 1 is an illustration of a simple calibration device 100, which can be used to 
provide the scale relationship, and two images 1 10, 1 14 of the calibration 
device. The calibration device 100 includes a rectangle 102 and two crosses 
104, 106, which are positioned on opposite ends of the rectangle 102. To 
calibrate, at least partially, an imaging system with the calibration device 100, 
the distance 108, designated dpu (physical units) herein, is measured in physical 
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units, such as microns or millimeters, for example. Then, the image 1 10 is 
acquired of the calibration device 100 positioned horizontally, and the distance 
112, which is designated d x (pixels) herein, is measured in pixels. The 
horizontal resolution, designated r x , is computed by dividing the distance 1 12 
in pixels by the distance 108 in physical units, i.e. r x = djdpu. Subsequently, 
the image 1 14 is acquired of the calibration device 100 positioned vertically, 
and the distance 1 16 in the image 1 14, which is designated d y (pixels) herein, is 
measured. The vertical resolution, designated r y , is computed as r y = d y Idpu. 
With the x and the y resolution of the imaging system, a distance between any 
two points in an image acquired with that imaging system could be accurately 
measured and expressed. Where the distance in physical units, designated /, is 

, n given as: 

| / = sqrt((M x ) 2 + (v/r y ) 2 ) 

"iisp 

■ .p| where / = the length in physical units, 

't^ h and v are the horizontal and vertical distance in pixels, respectively, and 

w r x and r y are the horizontal and vertical resolution, respectively. 

,. [0006] The above-described calibration uses a separate calibration object 100 and 

! * calibration image(s) 1 10, 1 14 to provide the scale relationship between 

ill physical dimensions and image dimensions. 

[0007J Other known calibration methods use one or more calibration images and/or 
: ' 4 '" object(s), where the other methods can be more complex or less complex than 

the above-described example. 
[0008] Calibrating an imaging system can also compensate for one or more 

distortions. The above-described calibration removes and/or minimizes non- 
square pixel distortion, a term known in the art. Other more complex 
calibration methods, such as a grid of dots, remove and/or minimize optical 
distortion, for example. As known in the art, calibrating with a grid of dots is 
imaging a rectangular array of filled circles of known dimensions, located at 
predetermined points, and spaced apart at known distances. Also, the grid 
may, or may not, have markers that indicate the direction of the x- and y-axes 
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and the location of the origin of the grid of dots. The imaging system is 
calibrated by comparing the image of the grid of dots to its known physical 
description. 

{0009] Further, calibrating an imaging system can also provide positional information. 
For example, positional information is determined by placing the calibration 
device 100 at a known physical position before acquiring the calibration 
images 110, 114. 

[0010] Typically in industry, a system is calibrated at the beginning of a task, and the 
system is not re-calibrated for days and sometimes even months. If parts of the 
imaging system change, the scale relationship determined during calibration is 
not accurate for subsequent images. Consequently, any measurements of 
features derived from an image, such as potential defects, for example, are not 
reliable. Inspecting an image using an unreliable scale relationship can cause 
one to miss defects or erroneously classify an acceptable feature as a defect, 
i.e. false positives. 



SUMMARY 

[0011] A method is disclosed for, at least partially, calibrating an imaging system, 
where partially calibrating constitutes at least calculating a scale relationship 
between an image and the real world, such as 10 pixels equals 4 microns, for 
example. First, the method selects a characteristic associated with an object 
that has a known value. The known value of the characteristic and a measured 
value of the characteristic are used to calculate the scale relationship, where the 
measured value is derived from an image of the characteristic. The image is 
acquired by the imaging system that is being calibrated. In the image, the 
characteristic is found and measured to provide the measured value. Lastly, 
once the scale relationship is calculated, the scale relationship is used to 
process the same image from which it was derived. 

[0012] The invention recognizes that a known value of a characteristic of an object 
can be leveraged to calculate a scale relationship for an imaging system. 

3 
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Further, the invention recognizes that by using the known value, a single image 
can be processed, such as inspected for example, and used to calculate the 
scale relationship of the imaging system. Thus, the invention eliminates, or 
decreases the need for a separate calibration image(s) and/or object(s). 

[0013] Several examples of characteristics are described including the value of: an 
inherent feature, a boundary thereof, and/or an aspect(s) thereof, such as a 
dimension(s), a provided feature, such as a fiducial, a boundary thereof, and/or 
aspect(s) thereof, or a relationship between more than one feature, such as a 
distance between centers of features, for instance. 

[0014J In one embodiment, the imaging system is re-calibrated using more than one 
image of the same or multiple objects. 

[0015] In a preferred embodiment, the image is inspected using the scale relationship 
derived therefrom. Specifically, the scale relationship, calculated from the 
known value and the measurement from the image, is used to calculate the 
physical dimensions and positions of defects located during the subsequent 
inspection. 

[0016] In a preferred embodiment, the method is accomplished, in part, using a model 
of at least part of the object, where the model includes the characteristic that 
has the known value. For example, as hereinafter described, a model of an 
annular cladding of a fiber-optic end-face is created using the diameter of the 
annular cladding in microns, where the value of the diameter in the physical 
world is the known value. The model is used to find, and optionally measure, 
a pixel diameter of the annular cladding in the image. 

[0017] The method is particularly suited for calculating a scale relationship of an 

image of a fiber-optic end-face acquired by an imaging system. As known in 
the industry, during imaging the fiber-optic end-face is not fixed in the z-plane. 
There is some leeway, because of the physical set-up, described hereinafter. 
Therefore, as recognized by the invention, without re-calibrating the imaging 
system, the movement of the fiber-optic end-face in the z-plane makes the 
scale relationship originally calculated for the imaging system unreliable. 



Consequently, the unreliable scale relationship will cause errors in apparent 
size and apparent position of the features in the fiber-optic end-face. 
Therefore, a fiber-optic end-face is aptly suited for processing using the 
invention. Specifically, a preferred embodiment selects for the characteristic a 
diameter of an annular cladding, which is often 125 microns, as known in the 
art. Then, the imaging system images the fiber-optic end-face, the image 
analysis system finds the annular cladding, measures its diameter (i.e. the 
measured value), and calculates the scale relationship using the measured value 
and the known value (i.e. 125 microns). The scale relationship is used, 
thereafter, to process the image of the fiber-optic end-face, such as calculate 
the size of defects discovered therein during inspection, for example. 
[0018] One of the advantages of the invention, among others, is that the invention can 

h§ replace prior-art steps to calculate the scale relationship; a separate calibration 

% image(s) of a calibration object(s) is not required. 

'j: [0019] Another advantage of the invention is that it can supplement, augment, or 

Ly improve an imaging system's calibration, particularly when the manufacturing 

tolerance for at least one object in the image, which provides the known value, 
| '* is tighter than the placement tolerance of at least a part of the imaging system. 

m [0020] Another advantage of the invention is that changes in the imaging system, such 

Ft 

% as lens or camera changes, will not affect the reliability of measurements 

i * derived from images taken by the imaging system. Also, jostling of cameras or 

other apparatus in any given imaging system will not appreciably affect the 
reliability of measurements derived from images taken by the imaging system. 
[0021] A further advantage of the invention is that for continuously, or predictably, 
changing imaging systems, such as systems wherein the objects, or portions 
thereof, are displaced relative to the imaging plane, the operation does not have 
to stop and wait for re-calculation of the scale relationship of the system. 
Instead, the scale relationship is recalculated for the other object, or another 
portion of the object, during processing, i.e. "on-the-fly". 
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[0022] A still further advantage of the invention is that it can supplement various 

measurement applications that require accuracy, such as accurately measuring 
potential defects, for example. 

[0023] A still further advantage of the invention is that objects can be provided with 
calibration targets, such as a grid of dots for example, used for calculating the 
scale relationship "on-the-fly" and/or for determining other typical calibration 
transforms "on-the-fly," such as positional information or distortion 
information, for example. 

[0024] In other aspects, the invention provides an apparatus in accord with the 
methods described above. The aforementioned and other aspects of the 
invention are evident in the drawings and in the description that follows. 



[0025] The invention will be more fully understood from the following detailed 
description, in conjunction with the accompanying figures, wherein: 



[0026] Fig. 1 depicts an instance of a calibration device, an image of the calibration 
device positioned horizontally, and an image of the calibration device 
positioned vertically; 



[0027] Fig. 2 depicts a schematic machine vision system for practice of the invention; 



[0028] Fig. 3 is a flow chart summarizing operation of an instance of a prior art 
method for calibrating an imaging system; 



[0029] Fig. 4 is a flowchart summarizing operation of an embodiment of a method 
according to the invention that calculates a scale relationship for an imaging 
system; 

[0030] Fig. 5 depicts a Cognex employee identification-badge and an image of the 
badge, which are processed in the operation of Fig. 4; 

[0031] Fig. 6 is a flowchart summarizing operation of an embodiment of a method 
according to the invention that calculates a scale relationship for an imaging 
system and uses the scale relationship to inspect the image; 



BRIEF 



DESCRIPTION OF THE DRAWINGS 
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[0032] Fig. 7 depicts two magnifications of end-views of an end-face of a fiber, not 
drawn to scale; 

[0033] Figs. 8A, 8B, 8C, and 8D depict simplified examples, not drawn to scale, of 
end-views of part of an end-face of fibers that contain, debris, scratches, 
cracks, and epoxy spots and fretting, respectively; and 

[0034] Figs. 9, 9a, and 9b depict an exploded side-view of an instance of a fiber-optic 
cable inspection station, not drawn to scale, a side-view of a stripped fiber- 
optic cable, not drawn to scale, and an end-view of a fiber-optic cable, not 
drawn to scale, respectively; 

[0035] Fig. 10 depicts a schematic machine vision system for practice of the 
invention; 

[0036] Fig. 1 1 is a flow chart summarizing operation of an embodiment of a method 
'5 according to the invention that calculates a scale relationship for an image of a 

: | fiber end-face, and uses it to inspect potential defects in the fiber end-face; 

% [0037] Fig. 12 depicts two images of part of the end-faces of fibers having inherent 

MJ and/or supplied feature(s); and 

[0038] Fig. 13 depicts images of other objects for which a scale relationship can be 
! * determined using the methods of the invention. 

% DETAILED DESCRIPTION 

* [0039] Fig. 2 illustrates a machine system 2 10 of the type in which the invention is 

practiced. The system 210 includes a capturing device 216, such as a 
conventional video camera or scanner, that generates an image of an object 
212. Image data (or pixels) generated by the capturing device 216 represent, in 
the conventional manner, the image intensity (e.g. color and/or brightness) of 
each point in the scene at the resolution of the capturing device 216. 
Typically, the object 2 12 is held on a transport medium 2 14, such as a 
conveyor belt, by suction (not shown), for example. The capturing device 216 
images the object 212 as it passes. Other configurations for bringing the object 
212 in front of the capturing device 216 are known in the art. In this instance, 
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the imaging system includes the capturing device 216, a digitizing element (not 
shown), which is inside an image analysis system 220 or inside the capturing 
device 216. As known in the art, the imaging system also includes the physical 
relationship between the capturing device 216 and the scene, i.e. the object 212 
and transport medium 214 within the field of view of the capturing device 216. 

[0040] The capturing device 216 transmits image data via a communications path 218 
to the image analysis system 220. This is a conventional digital data processor, 
or a vision processing system of the type commercially available, for example, 
from the assignee hereof, Cognex Corporation, programmed in accord with the 
teachings hereof to determine a scale relationship for an imaging system. 

[0041] The image analysis system 220 may have one or more central processing units 
222, main memory 224, an input-output system 226, and one or more disk 
drives (or other mass storage device) 228, all of the conventional type. 

[0042] The image analysis system 220 and, more particularly, the central processing 
unit 222, is configured by programming instructions according to the teaching 
hereof to calculate a scale relationship for an imaging system so that one can 
convert pixel dimensions from an image to physical dimensions. 

[0043] The central processing unit 222 includes a selecting module 234, a finding and 
measuring module 236, a scale calculating module 238, and a processing 
module 240. The selecting module 234 selects a characteristic associated with 
the object 212, where the characteristic has a known value, as described 
hereinafter. The characteristic is a feature 208, and/or aspect thereof, on the 
object 212, for example. The feature 208 and/or aspect thereof is found in the 
image and measured by the finding and measuring module 236. The 
measurement of the feature 208, or aspect thereof, and the known value 
provide, via mathematical relationships known in the art, the scale relationship 
for the imaging system. Thereafter, pixel dimensions in the image, and 
subsequent images acquired by the imaging system, can be converted to 
physical dimensions. Further, the apparatus of Fig. 2 is programmed to use the 
scale relationship to processes the image acquired thereby via the processing 
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module 240, where processing can include many known functions or 
combinations thereof. 

[0044] In one embodiment, the finding and measuring module 236 includes a 

modeling module (not shown), preferably a scale-invariant modeling module. 
The modeling module assists finding and, optionally, assists measuring the 
feature, as described in further detail hereinafter. 

[0045] Those skilled in the art will appreciate that devices and modules within the 

central processing unit 222 can be partitioned in more than one manner without 
departing from the scope of the invention. 

[0046] Those skilled in the art should appreciate that, in addition to implementation on 
a programmable digital data processor, the methods and apparatuses taught 
herein can be implemented in special purpose hardware. 

[0047] Fig. 3 illustrates a flow chart, which summarizes a typical prior art method for 
calibrating an imaging system, where steps of the method are denoted in the 
detailed description in parentheses. As previously described, for a typical 
embodiment in the prior art, first a calibration object(s) is chosen (302). Then, 
an image(s) is acquired (304), from which the transform, e.g. scale and 
positional relationship, is calculated (306). Steps (302) - (306) complete the 
calibration of the imaging system. Only after the calibration is complete, i.e. 
after steps (302) - (306), can one begin training and/or operations tailored for a 
particular application (308). Once the training and/or operations begin (308), 
the physical relationships within the imaging system, such as the distance from 
the lens of the camera to the objects, remain substantially the same. The 
physical relationships are fixed and repeatable. 

[0048] In contrast, the method of Fig. 4 begins at the proceed step (308) of the prior 
art, where Fig 4 illustrates a flow chart of an embodiment of a method 
according to the invention, where steps of the method are denoted in 
parentheses in the detailed description. Unlike the prior art, no separate 
calibration image(s) is acquired before the application-specific steps, i.e. (402) 
- (416). The method of Fig. 4 begins at the proceed step (308) of the prior art, 



and in one embodiment, the method omits the prior art steps (302) - (306). In 
another embodiment, some or all of the prior art steps of calibration are 
included before the application specific steps, i.e. (402) - (416), where the 
application dictates which portions of the prior art calibration steps to include. 
[0049J Fig. 5 depicts a Cognex employee identification-badge 500 and an image 
thereof 502, which will be described as part of an example with reference to 
the operation of Fig. 4. 
[0050] First, a characteristic of the badge is selected (402). The characteristic must 
have a known value, where the known value can be a shape, an area, or a 
dimension of a feature, for example, or the value of relationships between 
features, an instance of which is described hereinafter with reference to Fig. 
12, or a relative value between features, for example. The known value can 
also have a range of values, but the scale relationship would have a 
corresponding range of uncertainty. 
[0051] For the badge 500, the characteristic could include, for example: all, or part of, 
the wording COGNEX 504 and/or an aspect(s) thereof, the outer rectangular 
506 of the badge 500 and/or an aspect(s) thereof, or the inner square 508, 
which is horizontally centered on the badge 500, and/or an aspect(s) thereof, 
such as the length of a side of the square 508, designated lknown- 
[0052] The characteristic can be an inherent feature, boundary thereof, and/or an 
aspect(s) thereof, a provided feature, such as a fiducial positioned on, or 
adjacent to, the object, as known in the art, a boundary thereof, and/or an 
aspect(s) thereof, or a relationship between more than one feature, for example. 
The characteristic and the known value chosen depend upon the available 
options for the characteristic in an application and the ease with which each 
option is accurately found, for example. 
[0053] Further, the application typically dictates whether the characteristic chosen is, 

or is not, rotationally symmetric. Either one is acceptable. 
[0054] The invention recognizes that a known value of a characteristic of an object 
can be leveraged to calculate the scale relationship for an imaging system. 
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[0055] Once the characteristic is selected, the known value of the characteristic is 

provided (402) via direct operator input, from a data base, or ascertained from 
a training image. 

[0056] Those skilled in the art will realize that application-dependent training steps 
(not shown) may be required to subsequently process the image at step (412), 
such as provide acceptability ranges for defects, for example. 

[0057] Thereafter, the image 502 of the badge 500, which will be subsequently 
processed at step (412), is acquired (406) or supplied from a database as 
known in the art. An image of a reflection or other representations can also be 
used without departing from the scope of the invention. 

[0058] In the image 502, the square 508 is located, and the length of a side of the 
square, /measured, is measured (408), using techniques known in the art. For 
instance, a connected-component analysis could find the square 508. A 
connected-component analysis classifies pixels in the image as background or 
object pixels, joins the object pixels to make discrete sub-objects using 
neighborhood-connectivity rules, and computes various moments of the 
discrete sub-objects to determine any objects position, size, and orientation. 
Blob is an application of a connected-component analysis sold by the assignee 
hereof. Alternatively, a known gauging technique can measure l measme d, where 
Caliper Tool is an instance of a gauging technique sold by the assignee hereof. 

[0059] In a preferred embodiment, however, the square is found and measured using a 
model, which is optionally generated during training (404). Typically, the 
application dictates the type of model used. 

[0060] One type of model is a template model. A template model can be an image 

template of the square 508, where the image template is a "golden" image (i.e. 
a known good image) or a composite image created by adding together 
characteristics identified from multiple images of the square 508. A template 
model can also be created from a geometric description of the square 508, 
where the geometric description provides the basic geometry of the object. 
[0061] The template is trained at various rotations, positions, and scales. 
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[0062] Later, the image 502 is searched to find the best match to the template using 

various, if not all, instances of the trained template, i. e. instances of the trained 
template are moved to various positions over the digitized image and compared 
to the image. The rotation, position, and scale where the best match between 
the template and image occurs is the rotation, position, and scale of the square 
508. The image is searched using methods known in the art, such as 
normalized correlation search, for example. Typically, the search is optimized 
for each application using known techniques, such as removing or limiting one 
or more degrees of freedom from the search, doing a coarse search followed by 
a finer search, or binarizing the image before the search, for example. 

[0063] A preferred embodiment uses a scale-invariant geometrical model, where a 
scale-invariant geometrical model finds the object, substantially regardless of 
the scale of the object in the image. Tools having invariance to one or more 
degrees of freedom can be used to generate the scale-invariant model and 
search the image, such as PATMAX, a tool developed and sold by the assignee 
hereof or HEXSIGHT, a tool developed and sold by Adept Technology 
Incorporated. For instance, the training processes use a training pattern, such 
as a template, for example, to select features to represent the square. A feature 
detection algorithm produces a geometric description of square boundaries 
from an image. This geometric description comprises a set of boundary points 
that lie along contours separating dissimilar regions in the image. Each 
boundary point specifies both position and orientation. Once the boundary 
points are generated, they are transformed by parameterized mathematical 
algorithms to produce translated, rotated, scaled, and stretched patterns of the 
square. The pattern search of the image 502 is then reduced to searches over 
parameter values. 

[0064] In one embodiment, a training image provides an initial scale for the model. A 
training image of the badge 500 is acquired, the square 508 found, / measure d 
measured, using any known technique, and the model created (404) as squares 
with the length of a side /measured- In another example, an initial scale for a 
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model can be the known value (402) divided by the value measured from the 
training image. 

[0065] A model can be generated i.e. step (404), however, without using a training 
image. 

[0066] Next, the transform is calculated (410). In this simplified example, where both 
lengths are vertical lines, the transform is as follows: 

scale relationship = 1^^ (physical units)/ l measmed (pixels) 

[0067] Those skilled in the art should appreciate that given the measured value and the 
known value, e.g. and /measured, other known mathematical equations can 
be used to calculate the transform, such as lengths not measured along the x- or 
y-axes, for instance. Those skilled in the art should further appreciate that 
other lengths can be measured, such as the diagonal, and used with known 
equations to calculate the transform or that the scale relationship for two 
directions can be calculated independently. 

[0068] The transform is then used to process the image 502 (412), where processing 
can include: inspecting, moving, bonding or other known processes completed 
on, or with the aid of, an image, for example. 

[0069] After processing one image using the transform (412), the process may end 
(416) or optionally, (414) a second image is acquired (406), and a new scale 
relationship calculated (408 - 410), as previously described, to process the 
second image (412). 

[0070] Alternatively, the scale relationship calculated (410) for the first image is used 
for more than one image, but intermittently checked using the method 
described above. 

[0071] The invention recognizes that a single image can be used to calculate the scale 
relationship for the system, and thereafter, processed using the transform 
derived therefrom. Thus, the invention eliminates, and/or decreases the need 
for a separate calibration image(s) and/or object(s). 

[0072] Those skilled in the art will realize that the method can supplement the prior 
art calibration described with reference to Fig. 3, i.e., the method verifies or 
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enhances the accuracy of the prior art calibration, as well as replaces all or part 

of the prior art calibration. 
[0073] Fig. 6 is a flow chart of an embodiment of a method according to the invention, 

where steps of the method are denoted in parentheses in the detailed 

description, and where like numerals designate like steps. 
[0074] Fig. 6 is an instance or an embodiment of Fig. 4. Fig. 6 differs from Fig. 4 in 

that the processing step (412) of Fig. 4 is specified as an inspection step (600). 

An inspection is a well suited embodiment of the method because often an 

inspection hinges on the size of potential defects in the image. With an 

unreliable scale relationship, the apparent size of the potential defects change, 

and thus, frustrate an inspection, whereas Fig. 6 generates a reliable scale 

relationship, as previously described, for an inspection. 
[0075] Again, the method requires a known value of the feature before the image is 

acquired, that is used with the measured value, after the measured value is 

derived from the image, to calculate the reliable scale relationship, which 

thereafter, is used to provide accurate sizes for defects. 
[0076] The feature and/or aspect thereof used as the characteristic once found, does 

not indicate the position or location of any potential defects, i.e. step (408) 

does not tell the inspection step (600) where to look next in the image for 

defects. 

[0077] The method is particularly useful for inspecting a fiber-optic end-face. Though 
this is a form of a preferred embodiment, this embodiment should be 
considered illustrative, and not restrictive. 

[0078] Fiber-optic technology transmits energy, as light, through glass fibers, which is 
used to transmit and receive analog and digital signals. A typical, simplified 
fiber-optic system consists of a transmitter, a transmission medium, and a 
receiver, where the transmission medium is a fiber-optic cable. 

[0079] Fig. 7 illustrates an end-view of a typical fiber-optic cable end-face 700 at two 
magnifications, both not drawn to scale. The fiber-optic cable includes a core 
702, which carries the light, a cladding 704 positioned around the core, which 
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reflects the light back into the core 702, such that the light is propagated by 
internal refraction as known in the art, and one or more coating, insulating, 
shielding, and/or support layers 706. The core 702 is made of pure glass 
drawn out into a fine strand. The cladding 704 is one or more layers of doped 
glass, which are doped to have a lower index of refraction than the core 702. 
Thus, the cladding 704, as known in the art, causes the light to be directed back 
into the core 702. The cladding may include stress rods 712 extending 
throughout the fiber to provide extra support, where the end-faces of the stress 
rods are typically circular, but can also be curved rectangles, where in the art, 
fibers with circular stress rods are called "panda" fibers and fibers with 
rectangular stress rods are called "bow-tie" fibers. 

[0080] Fiber-optic cable is classified by transmission type, where transmission types 
include single-mode or multi-mode, for example, where mode is a term known 
in the art. Single-mode cable propagates one mode of light, where multi-mode 
fiber acts to focus broader bandwidth of light. In a multi-mode cable, the core 
702 consists of multiple layers of glass, where each layer is doped to exhibit a 
slightly lower index of refraction than the previous layer to accommodate the 
broader bandwidths of light. Typically, therefore, the diameter of the core 702 
of multi-mode fibers is larger than single mode fibers, and ranges from around 
62 microns to around 8 microns, respectively, at today's technology. For both 
types of cable, however, the cladding diameter is typically 125 microns. 

[0081] Within the fiber-optic system, the fiber-optic cable is cut and connected to 
other fibers, transmitters, and/or receivers, with various connection 
configurations. After cutting the core, the cladding, and, optionally, any 
surrounding layers present at, or near, the fiber-optic end-face are polished by 
processes known in the art. 

[0082] Typically, the fiber-optic end-face is inspected, after polishing, during routine 
maintenance or cleaning, and after connecting or disconnecting fibers. Also, 
the fiber-optic end-face typically is inspected manually. 
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[0083] Turning to Figs. 8A - 8D, which depict simplified examples, not drawn to 

scale, of end-views of part of an end-face of fibers 820, 822, 824, 826, where 
like numerals represent like elements from Fig. 7. The end-face of the fiber- 
optic cable is inspected, primarily, to ensure the absence of unacceptable pits 
(not shown), chips, such as fretting 808, debris 800, including epoxy spots 806, 
scratches 802, and a crack 804, for example. Polishing often causes several of 
the defects, including the scratches 802, fretting 808, and chips. The 
acceptability of defects depends on the location, type, and/or size of each 
defect, where defects are often defined by the location from, within, or at the 
boundary of, the core 702, cladding 704, epoxy 810, ferrule (not shown), 
and/or other support layers (not shown), for example. Within the core 702, 
less, if any defects, are acceptable. Typically, the closer the defects are to the 
core 702, the more likely they are unacceptable. Upon discovering and/or 
measuring defects, the fiber is rejected, re-polished, or accepted. 

[0084] Fig. 9 illustrates an exploded view of a simplified schematic fiber-optic 
inspection station 924. As shown therein, a microscope 900 contains a 
positioning tube 902 adapted to receive and position the fiber-optic cable 904 
for inspection. Often the fiber-optic cable 904 being inspected is terminated by 
a connector 906, having a housing 908 and a protruding support material 910, 
such as a ferrule. A ferrule connection is a known connection configuration, 
wherein, as shown in the side view of the fiber-optic cable 916 in Fig. 9a, the 
end 918 of the fiber-optic cable is terminated, any outside surrounding layers 
912 are stripped, leaving the core and the cladding 914. The terminated end 
918 is received by the connector 906. The connector 906 surrounds the core 
and cladding 914 with the ferrule 910, which extends beyond the housing 908, 
a end-view of the end-face 922 of the fiber optic cable 904 with the ferrule 
910, and the core and cladding 914 is shown in Fig. 9b, not drawn to scale. 
Also, the cladding and core 914 extend slightly from the ferrule 910, where the 
extension of the cladding and core 914 extending from the ferrule 910 is 
exaggerated for illustration purposes. Typically, the cladding 704 is epoxied to 
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the fenule 910. A epoxy ring 810 between the cladding 704 and the ferrule 
910 is sometimes visible, such as shown in Figs. 8A- 8D. 

[0085] Typically, the protruding ferrule 910 is inserted into the positioning tube 902. 
As known in the art, the positioning tube 902, and, optionally, other known 
related devices (not shown), assist in holding the end-face 922 in proper 
position in the x-, y-, and z-plane to be viewed under the microscope lens 920. 
Typically, the fiber optic end-face 922 is brought into focus manually after the 
ferrule 910 is inserted into the positioning tube 902. 

[0086] Unfortunately, however, the z-plane in this configuration 924 moves. There is 
some leeway. Thus, the end-face 922 is not at a distance u, but at u ± leeway. 

[0087] The current inspection set-up 924, because of the variation in the distance u, 
i.e. ± leeway, cannot reliably use the same scale relationship for all images 
taken by the inspection station 924. The scale relationship determined by the 
prior art is unreliable for all images taken thereby. The unreliable scale 
relationship causes apparent changes in location of potential defects. As 
previously described, potential defects are classified, at least in part, by their 
location, such as the distance from the core. The apparent changes in location 
caused by the unreliable scale relationship makes the potential defects appear 
farther from, or closer to, the core than they are. Thus, potential defects can be 
falsely identified or missed because they are classified as too close to, or too 
far from, the core, respectively. Further as previously described, the unreliable 
scale relationship causes apparent size differences of potential defects in the 
fiber optic end-face. If the z-distance is shorter, i.e. u - leeway, the potential 
defects will appear larger. If the z-distance is longer, i.e. u + leeway, the 
potential defects will appear smaller. Thus, the unreliable scale relationship 
may result in falsely identifying defects or missing defects, respectively. The 
unreliability caused by the current inspection mechanics is minimized, if not 
eliminated, using the method and apparatus described with reference to Figs. 
10 and 11, respectively. 
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[0088] Fig. 10 illustrates a machine system 1010 of alternate embodiment or an 

instance, of the embodiment of Fig. 2, wherein like numerals designate like 
elements. The machine system of Fig. 10 is similar to Fig. 2, except it is 
expressly configured to capture and inspect an image of a fiber-optic end-face. 
Specifically, the capturing device 216' is a microscope 900 positioned in front 
of a conventional video camera, that captures an image of the end-face of the 
fiber. Further, the machine system 1010 is different because an inspection 
module 1000 replaces the processing module 240 of Fig. 2. The inspection 
module 1000 inspects the image of the fiber end-face to find defects, and uses 
the scale relationship, calculated as previously described, to ascertain the size 
of the defects. The inspection module 1000 performs other application- 
dependent functions as known in the art, such as classifying the defects, for 
example. Further, those skilled in the art will appreciate that other training 
functions, not shown, may be completed by the central processing unit 222 to 
effect the inspections, without departing from the scope of the invention, such 
as model generation, for example. 

[0089] Fig. 1 1 illustrates a flow chart of an embodiment of a method according to the 
invention, where steps of the method are denoted in parentheses in the detailed 
description, and where like numerals designate like steps. 

[0090] Fig. 11 is an instance, or an embodiment, of Figs. 4 and 6, where Fig. 1 1 also 
differs from Fig. 4 in that the processing step (412) of Fig. 4 is specified as an 
inspection step (1 102). Further, the flow chart of Fig. 1 1 specifies a preferred 
embodiment, wherein the fiber-optic end-face is imaged (1 100) and inspected 
(1102). 

[0091] Again, a characteristic with a known value is selected (402), as previously 
described. Figs. 7 and 12 depict several possible examples of characteristics 
for fiber-optic end-faces, and are described hereinafter with continuing 
reference to Fig. 1 1, where like numerals indicate like elements. 

[0092] In a preferred embodiment, the characteristic is the diameter of the cladding 

704. As previously discussed, the diameter of the cladding of many fiber-optic 
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cables is 125 microns, which, therefore, makes the diameter a useful known 
value. Further, the boundary of the cladding 1208 from which the diameter 
can be used to measure the diameter, is symmetrical, and, therefore, is 
amenable to many forms of locating algorithms. Those skilled in the art 
should appreciate that other aspects of the cladding can also be the 
characteristic having the known value. 

[0093] The core 702, and/or an aspect thereof, such as the diameter, are also a possible 
characteristics. However, because of the smaller size of the core 702 and 
variation in intensity in an image, the core 702 can image as light or dark, the 
core 702 and/or aspects) thereof 702 is a less viable characteristic than the 
cladding 704 and/or aspect(s) thereof. 

[0094] Other choices for a fiber end-face include, for example, the stress rods 1200, 
712, and/or aspect(s) thereof, such as area, for example. Those skilled in the 
art should appreciate that other features of the end-face or aspects thereof can 
be the characteristic. 

[0095] Also, the characteristic could be any relationship between features alone, or 

combined with the feature(s) or aspect(s) thereof, such as the distance between 
centers of mass of the stress rods 712, 1200, the average area of the stress rods 
712, 1200, and the distance between the stress rods 712, 1200, for example. 

[0096] Further, the characteristic can be a supplied feature or aspect thereof, such as a 
fiducial(s) 1202 or a calibration target, for example. For fiber, the one or more 
supplied features, such as the fiducials 1202, must be positioned away from the 
core 702 to not interfere with the transmission of light, but close enough to the 
core 702 to be within the field of view of a typical microscope inspection- 
station. Other fiducials, symmetrical and non-symmetrical, known in the art 
can be also used. 

[0097] Then, the image of the fiber end-face is acquired or supplied from a database 
(1 100), as known in the art, such as images 1204, 1206, for example. Again, a 
reflection of the end-face or other representations can be used without 
departing from the scope of the invention. 
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[0098J Thereafter, the image 1204 is searched (408), as previously described. 

[0099] In a preferred embodiment, the image 1204 is searched using an optionally 

generated model (404). In the fiber-inspection embodiment, a scale-invariant 
model is preferred. A scale-invariant model alleviates misidentifying a thin 
annular boundary of the cladding region when the scale of the cladding 704 is 
different from the scale expected by a more rigid model, i.e. not scale 
invariant. A preferred embodiment uses a synthetic scale-invariant model. A 
synthetic model is aptly suited for the search (408) because the characteristic is 
a circular boundary 1208. 

[0100] In one embodiment during the search (408), the presence of defects at the 
circular boundary 1208 is addressed by specifying the polarity between the 
cladding 704 and the ferrule 1210, such as light-to-dark polarity or dark-to- 
light polarity, where polarity is a term known in the art. Typically for a front- 
lit end-face, the cladding 704, and any fretting therein, is light and the ferrule 
1210, and any fretting therein, is dark, where front-lit is also a term known in 
the art. In one instance, therefore, the search looks for a circular boundary that 
matches the synthetic scale-invariant model having a light-to-dark polarity 
traveling from the center outward, and finds and measures the "best" circle on 
the inside of any dark fretting or epoxy. The best circle is determined from a 
score output from the search tool, where most tools known in the art output a 
score. The specifics of scoring schemes are known in the art. Those skilled in 
the art should appreciate additional or different techniques can be used to help 
find and measure the diameter of the cladding without departing from the 
scope of the invention. 

[0101] Once the cladding is located and the diameter measured, d measmed , the scale 
relationship is calculated, as previously described (410), using the dknown = 
125u and d measuied . Thereafter, the scale converts, into physical dimensions, the 
sizes of the defects located during inspection of the fiber end-face. The end- 
face is inspected (1 102) using the scale relationship and tools known in the art, 
such as a connected-component analysis and gauging techniques, for example. 
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[0102] Typically, the process is repeated for a second fiber-optic end-face (414) 
before the inspections are complete (416). 

[0103] Fig. 13 depicts images of other objects for which a scale relationship can be 
determined using the methods disclosed herein. A top-view of a concave lens 
1300 depicted therein can be inspected for scratches 1302 or other defects 
using the diameter of the boundary 1304 as the known value of the 
characteristic, for example. Also, a laser-diode 1306 can be inspected using 
the diagonal length 1308 of the laser-diode as the known value of the 
characteristic, for example. Those skilled in the art should appreciate that 
other objects can be inspected or processed using the methods disclosed herein. 

[0104] The invention recognizes a procedure can benefit from the methods disclosed 
herein when dimensional tolerance for a feature, such as machine tolerance for 
a part, is greater than placement tolerance for a feature on the z-plane. For 
instance, while the distance from a satellite to the earth may change, the area of 
the hood of a hum-v that is in an image taken by the satellite is quite precise, 
for example. 

[0105] Those skilled in the art should also appreciate that the method can supplement 
the prior art calibration described with reference to Fig. 3, i.e., the method 
verifies or enhances the accuracy of the prior art calibration, as well as replaces 
all or part of the prior art calibration. For example in the fiber application, the 
prior art calibration can be used to calculate transforms for correcting optical 
distortion while the scale relationship is re-calculated as disclosed herein. 
Those skilled in the art should also appreciate that the methods disclosed 
herein can supplement the prior art calibration in any application wherein the 
imaging system changes by keeping the prior calculated optical distortion 
transforms or positional information, for example, and combining it with the 
scale relationship re-calculated as described herein. 

[0106] Those skilled in the art should further appreciate that objects can be provided 
with calibration targets, such as a grid of dots for example, used for calculating 
the scale relationship or other calibration information "on-the-fly". 
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[0107] Those skilled in the art should also appreciate that inspection configurations, 
not described herein, with or without microscopes, may benefit from the 
methods and apparatuses disclosed herein, without departing from the scope of 
the invention. 

[0108] Those skilled in the art should also appreciate that other defects on, or aspects 
of, a fiber-optic cable, such as circularity of the core or cladding, for example, 
not mentioned herein, can be interpreted using the scale relationship derived, 
as disclosed herein, without departing from the scope of the invention. 

[0109] Those skilled in the art should further appreciate that the finding and 

measuring described herein can be performed with respect to more than one 
characteristic at a time. 

[0110] Those skilled in the art should further appreciate that in addition to human 

operators, tools available in the art, with instructions according to the teachings 
herein, can select the characteristic from the image, such as a feature extractor 
or a form of a fiducial selector, such as AUTOSELECT sold by the assignee 
hereof, for example. 

[0111] Those skilled in the art should also appreciate that any method of: model 

generation, finding, measuring, calculating, processing, and inspecting can be 
used in accordance with the teachings hereof, without departing from the scope 
of the invention. 

[0112] Those skilled in the art should further appreciate that additional application- 
dependent training steps (not shown) may be required to subsequently process 
or inspect the image at steps (412), (600), and (1 102), such as provide 
acceptability ranges for defects, for example, without departing from the scope 
of the invention. 

[0113] Those skilled in the art should further appreciate that the information relating 
to the feature(s) or object can be obtained using vision tools known in the art, 
not mentioned herein. 

[0114] Those skilled in the art should further appreciate that a portion of the 

information obtained from an operator or database can be used as a starting 
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value for the known value or the portions of the model, for example. Also, a 
scale relationship calculated by the prior art calibration can be used as an initial 
estimate of the scale relationship that is updated by the methods disclosed 
herein, where the estimate can be used during modeling, for example. 

[0115] Those skilled in the art should further appreciate that the steps, devices, or 

modules disclosed herein can be partitioned differently without departing from 
the scope of the invention, such as partitioning the finding and measuring or 
selecting the characteristic and providing the known value, for example. 

[0116] Those skilled in the art should further appreciate that some, or all, of the steps 
of selecting, model generating, finding, measuring, calculating, inspecting, and 
processing herein before described can be combined and effected as hardware 
implementations, software implementations, or a combination thereof. 

[0117] Those skilled in the art should further appreciate that only a portion of the 
characteristic needs to be acquired in the image, or that more than one image 
can be combined to create a composite image of the characteristic. Further, 
those skilled in the art should appreciate that the image can be of an entire 
object, part of one object, such as in multiple field of view inspections, or part 
of multiple objects, where multiple field of view inspections construct a virtual 
image of entire object from multiple images of part of the object, as known in 
the art. 

[0118] Furthermore, those skilled in the art should further appreciate that any of the 
images described herein can be subject to further processing, such as by 
filtering using a Gaussian filter, median filter, smoothing filter, morphological 
filter or the like known in the art, in order to enhance processing. 

[0119] Those skilled in the art should also appreciate that using reduced-resolution 
images upon which to initially search for the characteristic or during steps 
(402) - (404) could decrease processing time. Further, any combination of 
full-resolution and reduced-resolution images can be used. However, use of 
reduced-resolution images typically results in a loss of accuracy. 
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[0120] Those skilled in the art should appreciate that although the invention described 
in several illustrative embodiments herein effects analysis of intensity data 
(and edge data for at least one embodiment of model generation), it can be 
similarly implemented in processes to effect analysis of other image data, such 
as gradients of pixels, discrete histogram data from an image, or various other 
representations of aspects of image data or groups thereof, for example. 

[0121] Other modifications and implementations will occur to those skilled in the art 
without departing from the spirit and the scope of the invention as claimed. 
Accordingly, the above description is not intended to limit the invention except 
as indicated in the following claims. 
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